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Introduction

— Looking between the Bragg peaks
— Analyzing diffuse scattering

The Reverse Monte Carlo (RMC) simulation method

— RMC refinements of simulated test structures
— RMC refinements of cubic stabilized zirconia

The Automatic Monte Carlo (AMC) simulation method
— AMC refinements of Fe,;(CO),,

Summary
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Bragg peaks are blind ..

Bragg scattering: Information about the average
structure, e.g. average positions, displacement
parameters and occupancies.
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Diffuse scattering to the rescue ..

Diffuse scattering: Information about two-body
correlations, i.e. chemical short-range order or
local distortions.
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See http://www.totalscatterin

.org/teaching/
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Analyzing diffuse scattering

Table 1. Summary of the properties of the different components of the diffuse intensity.

« Correlation approach: Expansion of T 10 N 12 -
kinematic scattering equation in terms of

Description Shozlfrgr)lgc order SWurrcn Hllmng Scal}cDri{lg 3rd order
. . (SRO) term Size-cffect st order TDS size term
displacement. Yields set of two-body
L] 1ce A1 ~ N O J v ? ’j ’ £
correlations. moved T (0 {1 e (V) <(X,,)2>.
<X17Yif>grc, <(XU) Y’j>en:,
'é‘ypc of cosine sine cosine sine
ummation
 Monte Carlo based computer | - | -
Symmetry symmetric anti-symmetric symmetric anti-symmetric
. . . . . . G vy
s I m u I atlo ns " SCI e ntISt m Ig ht WI n Variation in nil linear, i.e. with quadgatic, ie. cubic, ie with
solution to the problem .. fromee I ete g b hpete. I b hyere.
Dependence on 2 (o =m )k
fa fgforbinary (¢, —fB)2 ;‘; EZ _;Z; Gl DAy

— Minimize total energy E: AMC gﬁn“}ﬁféc‘;';sfm ! 6 18 3
inary
— Minimize (observed — calculated)?: RMC
before

*  More: “Diffuse Neutron Scattering from
Crystalline Materials” by Nield and Keen,
Oxford University Press
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The Reverse Monte Carlo Method

Input:

* Observed diffuse scattering

« Starting structure (e.g. average)
« Chemical constraints

Result:

 One real space structure
consistent with data

Questions:
* Uniqueness / plausibility of result

« Statistical analysis of resulting
structure (many atoms)
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Starting configuration

=

Select crystal site at random
Apply random change of s(1), r(1) 4"

L 7

Calculate goodness-of-fit change Ay 2
between original and new state

Ax2 <0: keep new configuration
Ay 2 > : keep new configuration with
P:exp(-A)(2 /2)

yes

New cycle ?

l no

Final configuration




RMC test simulations

. Input data

50x50 unit cells

cubic, a=5A, Zr on (0,0,0)
neutron scattering, A=1A
correlations / displacements

® = 0.170
| clo= -0.203
! ¢ = 0.523

d,, = 5.05+£0.12 A
d,, = 490+0.12 A

bond length [A]

[0k]

RMC simulations based on simulated scattering

data showing occupational and displacive
disorder.

Proffen and Welberry., Acta Cryst A53, 202 (1997)




RMC test simulations - results

0 1 2 3 4

0.170 (0.170) [h 0]
clo = -0.076 (-0.203)

c1; = 0.412 (0.523)

d,, = 5.02+0.08 A (5.05+0.124)
d, =497+0.10A (4.90+0.12A)

[

Data:  |Q[<(4,0,0) - all

* Mode: swchem-swdisp (10%)
Start: ~ Random vacancy distr.




Stabilized Zirconia: Introduction

» Structures of zirconia
— RT: monoclinic (P2,/c)
— T>1410K: tetragonal (P4,/nmc) .
— T>2525K: cubic (Fm3m)

e Cubic phase can be stabilized at
RT by doping with CaO, Y,0,, MgO,

« Disorder: Oxygen vacancy
ordering and relaxation of
surrounding metals.
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Stabilized Zirconia: RMC simulations

Measured data

X-ray data
Mo-Ka radiation

301x301 points

[0k 0.5]

neutron data
Measured by Neder et. al
FRM |

RMC results

» 5x5x5 unit cells

» Average of 6 runs
» 25 RMC cycles

* R~33%

[0k 0.5]

7[h h 0]

Los Alamos Neutron Science Center
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Stabilized Zirconia: Results

Correlations
RMC mOdeI reSUIt Neighbour AL 22 <\;<‘;/1i:itf(¢// ”'(}//,(,/./.1,},, 2
- Preferred vacancy-oxygen pairs et ovon RS e
- " 0O - 0:5-<100> -0.005 -0.008(11) -0.044
along —<1 11> over "filled oxygen O-0:1<110> -0.014 -0.011(10) -0.058
cubes. O-0:L<111> 0.006 -0.009(17) -0.090
O-0: <111> 0.008 0.015(7) 0.260
Ca-Ca:5<110 -0.037 -0.052(33)
» Avoid Ca-Ca NN and 2NN neighbors e PR 20,009 20.008(17)
Displacements from average position [A]
O- 0: +<100> -0.011 -0.031(13)
* NN oxygen shift towards vacancy 0-0:2<110- 0.009(5)
O-0:5:<111> 0.005 0.014(7)
Zr-Zr: L <110=0 0.024 0.064(39) 0.872
» Metal NN distance closer if both e T 0005 e otk
bridging O sites are occupied, Z1-Ca: +<110-0 0.020 0.029(35)
OtherW|Se further apart Zr-Ca: 5y <110>0 -0.007 -0.019(10)
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Resulting correlations and displacements.

Proffen and Welberry., J. Appl. Cryst. 31, 318 (1998)




The Automatic Monte Carlo Method

Input:
« Observed diffuse scattering
« Starting structure (e.g. average)

* Model for disorder in terms of
interaction energies for MC simulation.

Result:

« Set of interaction energies for given
model that best match the data.

Questions:

* Finding the right model ..
« ltis very slow ..
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Least Squares

For each parameter in MC model

Ru N M C Select crystal site at random
Apply random change of s(i), r(i)

Calculate energy difference AE
between original and new state

AE < 0: keep new configuration
AE > 0: keep new configuration with
P=exp(-AE/KT) / [1 + exp(-AE/kT)]

', - yes
| New cycle ? }_
I no

Calculate diffuse scattering

Obtain derivatives




Some equations ..

* Minimize ‘Goodness-of-fit’, %2

2 2
_ Al
X h,]gj;hklm {Al} AL=T ~[by + Lo ]

* _east-squares Matrix

dAl JAl dAl

Aii= YO B, == Y opumA Lyiar 5

! hklm i o hklm P
. npar

» Parameter shifts api =Y Ai_llBl
I=1

 Numerical estimates of Differentials  ga; (Alm - Alp-)
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Disorder in Fe,;(CO),,

Basic disorder
iIs a 180" flip of
Fe, triangle

\ Carbonyls are
QA disordered too but

main contribution
to the scattering is
from the Fe atoms

Welberry, Proffen and Bown, Acta Cryst. A54, 661 (1998)

THE AUSTRALIAN

W N SN
P NaroNnar nNIvVERSITY —)0 0o/ o/ /— — —M—— 4 M—/mMH——e e Los Alamos Neutron Science Center



Disorder in Fe;(CO),, - Data

X-ray diffraction patterns
hk-h
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Disorder in Fe;(CO),,— MC model

Center-of-mass relaxation (size-effect)
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Disorder in Fe;(CO),,— MC model

Orientational relaxation (size-effect)

V w V L~¢2 /
(+> (+)

ONG |

/¢1 | ¢2\/¢1 ! / Eq —nEm(A% o =S )2
¢ ¢ Enm (FH) =¥y + Uy,
\(bl 2/ \ 1 w gn,m (+-) = 'gn,m (-+)= ~V'm

() (—)‘i ( ) (+) _
\' gn,m (=-) R

parameters per vector:- &
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Disorder in Fe;(CO),,— MC model

Interactions between central Summai\ry of paramt_eters, Pij;
triangle and 8 neighbors. used in the analysis

» 8 occupancy correlations
* Ising model spin energy

« along each of 8 vectors (7
6 3 4 vectors initially)
% |
| 2 * 4 center-of-mass size-effect
3 « 2 each along vectors 1 & 2
5

'/ - 4 orientational size-effect
2 each along vectors 1 & 2
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Disorder in Fe;(CO),,— AMC refinement

Numerical estimates Progress of refinement
of Differentials random

» final

random >

Difference between two calculated

diffraction patterns » final
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Disorder in Fe;(CO),,— AMC refinement
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Disorder in Fe;(CO),,— Unique solution ?

Parameter 1 2 3 4 s 6 -
Corvelati (a) 023 014 021 004 002 030 -040
et by 048 001 017017 009 025 040

1 (h 0.5 [) section
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Disorder in Fe;(CO),,— AMC again

Calculated intensities after new AMC refinement
including vector 8 ..

hk-h
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Disorder in Fe;(CO),,— resulting structure

Averaged Fe positions from MC Results from
model. Bragg scattering
7 -
6 -
5 -
4 -
GE 3 -
> , Vector 2 N . . :
2+ ; Table 5 Libration of the iron triangle around either a three- or two-
/ fold axis
Rigid-body libration =~ IMG additional motion
tensor/(degree)? tensor/(degree)?
Two-fold  Three-fold Two-fold Three-fold
T/K axis axis axis axis
320 12.2(4.0)  12.2(4.0) 0.9(2)
L A T S S T 2957 13.9(4.0)  13.14.0)  109(8.5) —1(6)
2 1 o 1 2 3 4 5 250 122(40)  9.5(3.0) 80.2(9.1) 1)
A 160 8.8(3.0) 6.3(3.0) 38.9(6.2) 1(2)
X [A] 100 6.7(3.0) 5.4(2.0) 25.0(4.0) —1(1)




Disorder in Fe;(CO),, - resulting structure

Two modes of libration not distinguished by
Bragg scattering

Fe(2) Fe(2)

(f\""""‘““h
1
|

Fe(1)
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Disorder in Fe;(CO),,— resulting structure

Positions of Fe averaged over unit cells containing either (+ +) or (- -)
combinations on nearest-neighbor vector 1.

y [A]
<
&
S

y [A]




Disorder in Fe;(CO),,— resulting structure

Positions of Fe over unit cells containing either (+ +) or (- -)
combinations on nearest-neighbor vector 2.

7F 7F
6 6
5t sk
4k 4k
[r— - / = I
< 3r / < 3¢
/ I
> , Vector 2 e y
2_ / 2_ /
/ - /
1+ / 1+ /
L @ ’ ,
0 < 0 G ~ _ ()
7 6@
-1k ("‘) % —1F (_)
| L L | L | L | | | L ] ] | | | |
-2 -1 0 1 2 3 4 5 -2 -1 0 1 2 3 4 5




DISCUS — defect structure simulation

Program features

— Controlled by FORTRAN style command language including loops and IF statements.
— Calculation of Fourier transform, inverse and difference Fourier.

— Expand structure from asymmetric unit and space group symbol.

— Structure “statistics”: correlations, real space lots, ...

— PDF calculations.

— Monte Carlo simulations.

— Reverse Monte Carlo simulations — diffuse scattering & PDF.
— Symmetry & unit cell transformations.

— Interfaces with PDFFIT, KUPLOT and ATOMS.

— Online help function.

http://www .totalscattering.org/programs/discus/

Proffen et al., J. Appl. Cryst. 30, 171 (1997)
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Conclusions

° Diffuse scattering anaIySis gives Evolution of Computer Power/Cost Brain '““‘“1&}“M'“”ll‘\"‘“'““““!‘”’l‘l"'l:'(j"‘\ %
local structure of materials, holding "
key to their properties.

« Monte Carlo based modeling J e

— RMC: Constraints important ! S
.y ) G o '/.‘:..o,s ’
— AMC: Initial MC model required ! . Y Wi
r R e ./../‘0 ECKLA
o.y
5 an . . '/‘ y
— Obtain complete 3D data sets .. A\ W
— Combine with other data .. o s P TN
.y More CompUting power 0,5 ’ 1900/ g 1920 1940 1960 1980 2000 2020 Year

* http://www.totalscattering.orqg
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